This paper describes the generation of blade-tower interaction (BTI) noise from upwind turbines and pylon-mounted fans using a combination of experimental and numerical means. An experimental rotor-rig was used in an anechoic chamber to obtain BTI acoustic data under controlled conditions. A computational model, based on the solution of the unsteady Reynolds Averaged Navier Stokes (URANS) equations and Curle's acoustic analogy, was used to describe the generation of fan and simplistic model of wind turbine BTI noise by the rotor-rig. For both the fan and model wind turbine case, the tower was found to be a more significant source of BTI noise than rotor blades. The acoustic waveforms for both turbine and fan are similar; however, in the case of the turbine, the blade contribution reinforces that from the tower, while in the case of a fan, there is some cancellation between the tower source and the blade source. This behavior can be explained by the unsteady aerodynamics occurring during BTI.
Introduction
Blade-tower interaction (BTI) noise is unsteady aerodynamic noise due to the aerodynamic interaction between rotor blades and a tower. In more general terms, the interference can be between blades and an arbitrary object (a tower, counter-rotating propeller or pylon for example) obstructing the flow upwind or downwind of the rotor. Because the blades interfere with an object periodically for a short amount of time the resulting noise is periodic and has an impulsive character. This is an important noise source, as it can be of major importance for various rotating systems ranging from helicopter rotors to modern upwind wind turbines. For the case of upwind wind turbines, it has been recently demonstrated that BTI noise can have an effect (mainly via providing increased background noise) on measurement systems used for detecting seismic activity and nuclear explosions [1, 2] . BTI also creates impulsive torque changes, which may contribute to a reduction in the fatigue life of the gearbox [3] . Detailed knowledge about this noise source generating mechanism is thus warranted to inform BTI noise control and mitigation strategies.
BTI noise is generated by the change in loading on the blades and tower.
The change in loading is due to two aerodynamic phenomena working simultaneously, namely; 1) a reduced inflow velocity field upwind of the tower and 2) blade-passage effects. The principle of the change in loading as the blade passes through the reduced velocity field upwind of the tower is shown in Fig. 1a . The reduced velocity field upwind of the tower exists because the 2 tower is a significant obstruction in the flow, causing the wind to slow down before passing it. This reduced velocity field causes a change in the angle of attack on the passing blade and the rate of change of that angle of attack is a source of BTI noise [4] . Blade-passage effects results from the interaction between the aerodynamic disturbance generated by the blades and the tower, as also shown in Fig. 1a and in more detail in Fig. 1b , using the example of a helicopter rotor passing close to the tail boom. The aerodynamic disturbance describes the effect by which air is displaced by the moving blade as it passes the tower [6] . The air adjacent to the blade displaces outwards in a radial manner at the leading edge and converges in the wake of the trailing edge. This phenomenon has been numerically and experimentally demonstrated by Yauwenas et al. [6] on an unloaded (the blades pitch angle was 0
• ) three bladed rotor-rig. Yauwenas et al. [6] findings agree with Leishman and Bi [7] , in that large pressure pulses due to the passage of the blade were reported. In the past, strong BTI noise has been associated with downwind wind turbines as described in Hubbard and Shepherd [9] , which provoked many public complaints [8] . The high noise level was mainly the result of a large velocity deficit downwind of the tower and tower-blade vortex interaction, which produced strong pressure pulses occurring at the blade-pass frequency (BPF) [8, 9] . It was Greene [10] who showed experimentally on a scaled model of a wind turbine that changing the design to one with an upwind mounted rotor, one would significantly reduce the magnitude of the BTI noise. This is because the velocity deficit upwind of the tower is smaller than in the downwind direction and because there is no vortex shedding upwind of the tower. Greene's findings have been confirmed by Kelley [11] who performed measurements on a full scale upwind turbine and compared the results to earlier results obtained on a downwind turbine [8] . Apart from the research 4 on wind turbines, experimental studies have also been conducted on a rotor with downstream pylons [12] and on a helicopter tail boom by Leishman and Bi [7] , both showing the creation of impulsive noise when the blade passes the pylon or tail boom.
Doolan et al. [13] proposed a first order aerodynamic model and the use of potential flow theory to explain an aerodynamic origin of BTI noise from modern upwind wind turbines. These authors then used the theory of Curle [4] to show that the far-field acoustic pressure due to blade-tower aerodynamic interaction results in pressure pulses at the blade-pass frequency.
A similar method was employed by Madsen [14] , who used blade element momentum theory and also assumed potential flow around the tower to approximate the forces generated on the turbine blades. The resulting noise was obtained by using the NASA-LeRC code [15] . Both studies omitted the non-linear interaction between the tower and blades. Furthermore, noise calculations considered only the force fluctuations on the blades, overlooking the fluctuations on the tower. Work by Leishman and Bi [7] , which shows strong pressure fluctuations on a helicopter tail boom due to the passing blade, suggests that it is not unreasonable to expect the tower of a wind turbine to be a source of BTI noise as well. In fact, Yauwenas et al. [6] showed that, for an unloaded rotor (that is, a rotor whose blades are set at a pitch angle of 0
• ), the tower is the dominant source of noise during BTI.
Other numerical studies have been performed using computational fluid dynamics (CFD) on wind turbines with an upwind rotor to investigate the effect of BTI. Hsu and Bazilevs [16] used the sliding mesh method to simulate the rotation of the blades and showed changes to the force acting on 5 the blades due to BTI. The force oscillation was attributed to BTI as it occurred at the blade-pass frequency. A similar effect was reported by Mo et al. [17] , who utilized the sliding mesh method and detected fluctuations in power output at the blade-pass frequency. Other studies, such as that by
Zahle et al. [18] , used the dynamic overset grid method to simulate blade rotation and also managed to detect an interaction between the tower and the blades. Wang et al. [19] reported pressure changes within the blade swept area, further indicating the significance of pressure changes on the tower due to BTI.
While successful in capturing the BTI effects by employing the sliding mesh methods, the numerical studies described above do not provide insight into the noise production mechanism. On the other hand, Nelson [20] used CFD to predict wind turbine noise using a permeable integration surface implementation of the Ffowcs-Williams Hawkings acoustic analogy [21] but did not consider the tower as the source of BTI noise. BTI noise production on rotors operating as a turbine or fan thus remain unclear.
In summary, previous experimental and numerical studies have shown that blade-passage causes a change in loading on the blades and the tower.
This transient change in loading causes BTI impulsive noise and in the case of an unloaded fan the tower has been shown to be the dominant contributor [6] . However, only a few studies have considered both the blades and the tower in BTI noise prediction in the cases of an aerodynamically loaded fan and a model wind turbine. This is presumably because the changes caused by the tower are unimportant for power extraction of a wind turbine, but the same cannot be said for noise generation [6, 7] . The purpose of this 6 paper is therefore to present new knowledge about the BTI noise generated by loaded blades and the tower separately. The results were obtained from acoustic measurements and numerical simulations performed on a rotor-rig operated as a fan and an idealised wind turbine. This paper is structured as follows: Section 2 presents the experimental and numerical methods; Section 3 presents the aerodynamic and acoustic data; and the paper is concluded in Section 4.
Methodology

Rotor-rig
A three bladed rotor-rig, as shown in Fig. 2 , was was used for experimental and numerical study of BTI noise. 
Laboratory measurements
Acoustic measurement were done in the University of Adelaide's anechoic room, which has dimensions of 4.79 m × 3.9 m × 3.94 m (73.6 m 3 ) and provides a near-reflection free environment down to a frequency of ∼100
Hz. The acoustic data were recorded using a PXIe-4499 24-bit National Instrument data acquisition card and a B&K type 4955 1/2 inch microphone.
The data were recorded for 60 seconds at a sampling rate of 2 16 Hz. The acoustic time series were filtered using a 6th order Butterworth filter with a cut-off frequency at 1 kHz in order to remove undesirable noise.
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The narrow-band power spectral density (PSD) estimation of experimental data was calculated using Welch's averaged modified periodogram method of spectral estimation using Hanning window, 50 percent overlap and 12 Hz frequency resolution. The simulated PSD was obtained in the same manner.
Computational model 2.3.1. Flow simulation
Full details of the computational model can be found in Yauwenas et al. [6] . A summary and unique details concerned with this study are presented below. Due to the low Mach number based on the blade tip speed, the flow was assumed to be incompressible and governed by the following equations for continuity and momentum, respectively:
and
The stress tensor, τ ij , is related to strain rate by:
Since the flow is likely to be turbulent and the time step used in the numerical solution is relatively large, an SST k-ω turbulence model was used [22] . With the use of this model, a turbulent boundary layer around the blade was assumed, since blades on a rotor-rig were tripped as explained in Section 2.1. Equations 1 and 2 were solved using the finite volume solver 10 ANSYS FLUENT 14.5. The pressure-velocity coupling was done using the SIMPLEC method [23] .
The timestep in the simulations was chosen to be 0.185 ms, which gives 1 
Computational grid
In order to capture the interaction between the blades and the tower, the sliding mesh method was employed [24] . In this method the spatial domain was split into two parts: one stationary and one rotating. These two parts were then coupled through a sliding interface. The rotating part contained the blades while the tower was in the stationary domain. This allows an accurate re-creation of the physics of the rotating mechanism and has already been successfully implemented in a study of wind turbines by
Mo et al. [17] .
The computational mesh used in this study has 11 × 10 6 elements. This was chosen as a result of a mesh refinement study. The grid is generally unstructured, except on the surfaces of the tower and the blades in order to allow more efficient post-processing. An inflation layer was generated around each blade to accurately capture the boundary layer effects. The maximum 11 y + value at the tip of the blade is around 5 and is lower for blade sections closer to the axis of rotation due to the lower velocity relative to the blade.
The maximum aspect ratio of the cells in inflation layer around the airfoil is 25. There are at least 30 cells between the blade and the tower when φ = 180
• .
Computational test cases
Simulations were performed on two aerodynamically different test cases; namely fan and model wind turbine. In the simulation of the fan, no incoming wind was introduced into the rotor plane. This test case is identical to the experiment and serves as validation of the method, as well as understanding BTI of pylon mounted fans. As the computational model replicates the rotor-rig described in Section 2.1, it should be noted that the geometry is simplified (constant blade chord length, zero blade twist) and the Reynolds number based on chord length is much lower (Re = 246, 000 at the tip of the blade) in comparison to an industrial wind turbine.
The model wind turbine test case is identical to that of the fan configuration in terms of computational grid and rotational speed (900 RPM), but with an incoming flow at 8.45 m/s, corresponding to a tip speed ratio
, where v tip is the blade tip speed and V ∞ is the inflow speed). This value of X T SR was chosen because the theoretical point of maximum power extraction is expected to occur around that value [7] .
Far-field acoustics
Using the flow simulation data, the far-field acoustic pressure was calculated using the compact formulation of an acoustic analogy introduced by 12
Curle [4] :
where c 0 is speed of sound, s is the distance between the source and the observer, F (t) in the force on the surfaces of the blades and the tower, and the subscript i = X, Y, Z indicates the directional component, as illustrated
in Fig. 4 . The far-field observer is positioned on the axis of rotation at 1.4 m away from the blade rotation plane. Because the observer is positioned less than one acoustic wavelength from the source for frequencies below approximately 240 Hz, the level of near-field contamination was assessed by adding a dipole source term to the right-hand side of Eq. 4 [5] . In this manner the nearfield contribution was found to increase the acoustic pressure root mean square by 0.3% relative to the far-field contribution only. Hence, only the farfield term was used when implementing Curle's analogy. This is the only observer position considered in this work at which there is zero translational motion between the blades and the observer. From this it follows that the relative Mach number between the blades and the observer is also zero and thus the rigid body assumption used in deriving the compact formulation of (a) (b) Figure 5 : Flow structure visualisation using the lambda-2 criterion (isosurface of λ 2 = −1000 s -2 ) around the rotor-rig for (a) the fan and (b) the model wind turbine configuration at θ = 5
• and 900 RPM. The isosurface is coloured by the velocity component in the X-direction.
The NACA0012 airfoil is expected to stall at α > 10
• for the Reynolds number based on the velocity at the mid-span of the blade which yields Re = 1.16 × 10 5 [27] . Figure 6 shows the effective angle of attack along the span of the blade in the absence of BTI effect, for the cases of fan and model wind turbine with θ = 5
• . This figure suggests that the stall will occur along the portion of the blade span r/R < 0.65 and X T SR of 5.8. 
Pressure field
In Fig. 7 , the computed pressure field on the plane at -Z/R = 0. Fig. 8c ) and falls rapidly beyond that point, due to the pressure leakage over the blade tip [28] . For the model wind turbine configuration, the blade tip vortex appears to have an influence on the pressure field, since the maximum pressure is observed to occur above the blade radius, as best evident in Fig. 8f . This is due to the presence of the oncoming wind convecting the tip vortex in the downstream direction towards the tower, as may also be observed from the tip vortex visualisation in Fig. 5b . Furthermore, the model wind turbine tip vortex is stronger in comparison to the fan due to the increased lift generation and hence it is reasonable to expect its contribution to the tower surface pressure filed is greater as well. 
Unsteady thrust
Thrust is defined as a force parallel to the axis of rotation, which is positive in −X direction and is presented here because the far-field acoustic pressure is directly related to the forces acting on the blades via Curle's acoustic analogy [4] . The thrust coefficient, C T , is defined as T 0.5ρv In Fig. 11 the time history of thrust coefficient acting on the tower for both configurations is shown. In the case of the fan shown in Fig. 11a , the thrust pulses on the tower are relatively more complex than those acting on the blade shown in Fig. 9a . There are additional local maxima observed just before and right after the minimum point of C T . This suggests that the changes on the tower during BTI are due to blade-passage effects, where high pressure regions around the leading and trailing edge of the passing blade interact with the tower. As may be seen in Fig. 11b , the local maximum prior to the main peak is much weaker for the model wind turbine configuration. This is because the suction side of the blade is facing towards the tower, which causes the portion of the tower surface directly downwind of the blade to experience a significant pressure decrease, as can be seen in Fig. 8b . This lowpressure region negates the increase of C T on the tower due to the pressure 3.2. Rotor-rig acoustics 3.2.1. Fan configuration Figure 12 shows that BTI noise produces only low frequency tonal noise since the broadband spectra at higher frequencies (> 700 Hz) is similar for both blade-tower separation distances. The broadband noise predominantly consists of trailing edge noise as shown by Zajamsek et al. [32] .
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ACCEPTED MANUSCRIPT In Fig. 13 , experimental and numerical ensemble averaged acoustic pressure waveforms and corresponding power spectral densities for the fan configuration, are shown. The acoustic pressure was measured on the axis of rotation as shown in Fig. 3 at 1.4 m from the rotor plane. For the experimental results, the ensemble acoustic pressure averages were computed over 50 seconds and thus comprise approximately 750 rotor revolutions, whereas for the simulation results there were computed over 4 rotor revolutions. Such a small number of simulated revolutions is deemed to be sufficient for removing small perturbations due to the high consistency between each revolution waveform.
In Fig. 13 , three pressure pulses per revolution due to BTI, are observed in experimental and simulated waveforms for both separation distances. Time domain pulses transform into a tonal components in the frequency domain that occur at the blade pass frequency and harmonics, as shown in Fig. 13c 25 and d. Here, simulated and experimental power spectrum density spectra are in reasonable agreement at the blade pass frequency (45 Hz) and harmonics.
While the BTI noise can be best observed in Fig. 13a , the separation distance of one tower diameter is more realistic in the context of an industrial wind turbine [14, 3] . A discrepancy between the peak simulated and measured pulse values is noticeable and is most likely due to experimental uncertainties (errors in blade pitch angle and blade-tower distance), presence of extraneous noise sources and numerical errors and limitations of the assumptions used in the formulation of the acoustic analogy. This discrepancy is particularly evident in Fig. 12b due to the low BTI noise signal magnitude and hence lower signal-to-noise ratio. Variations between the peak amplitudes of BTI pressure pulses are attributed to the small differences between each blade's weight and mounting conditions in the experiments. These differences are also considered small for the discrepancies between measure and simulated spectra. However, the BTI noise signal trends are similar for both separation distances which indicates a similar BTI noise production mechanism at both blade-tower distances. [6] , the contribution from the tower is significantly higher than that from the blades, with the peak magnitude being about twice as high. According to the definition of the thrust coefficient, C T , directly related to the far-field 27 acoustic pressure, the difference between the blades and the tower acoustic emissions is predominantly due to the difference in thrust and not difference in surface areas. Although the overall amplitude of the waveform is lower for d/D = 1 shown in Fig. 14b , the importance of the tower contribution relative to the blade is consistent for both blade-tower distances. These observations reveal that BTI noise is not solely generated by the blades as has been previously assumed [13, 29] . The resulting waveform over one blade-pass is characterised by two major peaks; one minima immediately followed by a maxima. These two major peaks are attributed to a large transient change in Fig. 11b . This reasoning is reconfirmed by the similarity of the simulated acoustic waveform in Fig. 15a ("total") with the simulated waveform made by Doolan et al. [13] , who assumed BTI to be solely caused by the blades 29 passing the velocity deficit region upwind of the tower.
Model wind turbine configuration
By comparing the BTI noise production mechanisms of the fan and model wind turbine configurations, a few similarities and differences are apparent.
Fan acoustic pressure peaks due to the blades and the tower are slightly out-of-phase (blade pressure pulses precedes tower pressure pulses) meaning that the drop in thrust during BTI occurs earlier on the blades than the tower. This is not apparent in the case of the model wind turbine where the drop in thrust on blades and the tower happen simultaneously. When considering only the blades, the BTI noise production mechanism for the fan configuration is dominated by blade-passage effects (that is the flow field generated by the rotating blades which is modified by the tower), while for the turbine configuration the dominant BTI noise production mechanism is the blade passing the velocity field upwind of the tower consisting of reduced inflow velocity field and blade-passage effects. Although the mechanisms of BTI noise production by the blade for the fan and turbine configurations are different, the mechanism affecting the tower in both configurations is dominated by blade-passage effects. As is the case for the fan configuration, the tower is also found to be the dominant BTI noise source for the model wind turbine configurations at both d/D = 2/7 and 1.
As can be seen in Fig. 15b 
Conclusions
When rotating blades encounter aerodynamic disturbances due to the presence of a support tower or pylon, an impulsive blade-tower interaction (BTI) noise is emitted as a result. In the case of an upwind wind turbine, the tower interaction with the incoming flow creates a reduced velocity field 
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